In this paper, a novel flow injection chemiluminescence (FI-CL) method is proposed for the determination of picomolar L -1 levels of hydrogen peroxide (H2O2) in exhaled breath condensate (EBC). This method is based on the oxidation of a low concentration of luminol (10 -7 M) by H2O2 at a low concentration level (< 10 -8 M) in an alkaline medium catalyzed by a complex, K5[Cu(HIO6)2] (DPC), which is not interfered by other metal ions or horseradish peroxidase (HRP). Under the optimum conditions, H2O2 was determined over the range of 1.0 × 10 -10 to 1.0 × 10 -8 mol L -1 with a detection limit of (3σ) of 4.1 × 10 -11 mol L -1 . The relative standard deviation (RSD) was 3.2% for 5 nmol L -1 H2O2 (n = 7). The proposed method offers the advantages of ultra-sensitivity, selectivity, simplicity and rapidity for H2O2 determination. It was successfully applied to directly determine trace amounts of H2O2 (nmol L -1 ) in human's EBC of both rheum and healthy volunteers. A statistically significant difference was found between patients with rheum (n = 11) and control subjects without rheum (n = 11).
Introduction
H2O2 is a putative biomarker for oxidative stress, which is an imbalance of oxidants/antioxidants. Oxidative stress is mainly produced by inflammatory eosinophils, macrophages and neutrophils, primarily as a defence mechanism against invading organisms. 1,2 Oxidants in EBC have been implicated in the pathophysiology of various respiratory diseases, including bronchial asthma, 3 chronic obstructive pulmonary disease, 4-6 pneumonia, 7 adult respiratory distress syndrome 8 and cystic fibrosis, 9 as well as in asymptomatic cigarette smokers. 10, 11 The pathogenesis of these respiratory diseases results from the production of reactive oxygen species (ROS), which cause tissue damage and cell death. To better understand the inflammatory processes and their relation to oxidative stress, increasing efforts have been made to examine H2O2 markers of oxidative stress in EBC.
Sampling EBC has been used for detecting and assessing oxidative stress, and for giving an opportunity to investigate the local process of the respiratory system. It provides an easy means to explore the respiratory system without undertaking an invasive procedure, such as bronchoscopy. EBC contains not only volatile substances, such as nitric oxide (NO) and carbon monoxide, but also non-volatile substances, including H2O2, leukotrienes and prostaglandins. The EBC sampling technique is completely non-invasion, simple and easy to perform. It reduces the number of interfering substances, such as blood, urine and sputum, compared with more complicated matrices. 12, 13 An activated cell (such as phagocyte and neutrophil leucocyte) can produce and release ROS, such as OH, O2
-, H2O2 and HOCl, with a short time (within 30 s), which are called respiratory bursts. 14 As one of the most stable forms of ROS, H2O2 is obtained by a univalent reduction of molecular oxygen and the dismutation of O2 -in the presence of superoxide anions and transition metals, usually ferrous iron. Part of H2O2, which has not been decomposed by antioxidant enzymes, can be exhaled with the breath. The measurement of H2O2 in EBC provides reliable complementary data for bio-monitoring the progress of disease. Many determination methods for H2O2 in EBC have been reported, including colorimetry, 8, 15 chemiluminescence, 11,16 fluorometry 17 or sensor. 18 However, due to the poor sensitivity or selectivity, these procedures need a breath condenser to collect a relatively large volume of an EBC sample for analysis, or need a special pretreatment step for a collected sample. CL is known to be an attractive analytical method because of its higher sensitivity, lower detection limits and wider linear ranges that can be achieved with a simpler instrument. 19, 20 Luminol-based CL methods have been widely used for the determination of H2O2, which is based on a reaction with H2O2, catalyzed by transition-metal ions or horseradish peroxidase (HRP). They still attract much more attention because of the importance of H2O2 in bioanalysis as an indicator for enzyme detection. These developed coupling CL methods open the possibility of a rapid and sensitive analysis of numerous compounds that produce H2O2 in coupled reactions (such as enzymatic reactions). 21 It is well-known that luminol-H2O2-metal ion CL reactions have high sensitivity, which can provide nanomolar 22 and subnanomolar 23 limits of detection for H2O2. However, the advantages of these CL methods also face a challenge of selectivity. A variety of metal ions (such as Co 2+ , Cu 2+ , Ni 2+ , Mn 2+ , Fe 3+ and Cr 3+ ) are sensitive to the luminol-H2O2 CL system due to their catalytic effects on the reaction. Therefore, it is necessary to evaluate the interference of these species in the luminol-based H2O2 method. A serious mutual interference and the lack of a selectivity limit application of these methods. Pretreatment or separation procedures are usually required for selective determination in CL analysis.
Trivalent copper has generally been regarded as an uncommon oxidation state, and is not often used directly in the CL reaction for an unstable condition in an aqueous solution. Transition metals in a higher oxidation state can generally be stabilized by chelation with suitable polydentate ligands. 24 In the present work, metal chelate diperiodatocuprate(III) (K5[Cu(HIO6)2], DPC) was obtained by complexation of the trivalent oxidation of copper and periodate in a strong alkaline medium. We found that the DPC was sensitive to the luminol-H2O2 CL reaction in an alkaline medium due to its prominent catalytic effect. The luminol-H2O2 CL reaction in an alkaline medium (pH 8 -12) could occur with a lower concentration of luminol (10 -7 mol L -1 ) and H2O2 (< 10 -8 mol L -1 ) in the presence of DPC. Under the conditions mentioned above, light emission catalyzed by other metal ions (such as Co 2+ , Cu 2+ ) or HRP was not observed. The interferences caused by metal ions are effectively eliminated. We thus developed a novel, more selective and ultra-sensitive chemiluminescence method for H2O2 determination by coupling flow injection analysis (FIA) techniques without any pretreatment of the sample. The relative CL intensity was proportional to the concentration of H2O2 in the range of 1 × 10 -10 -1 × 10 -8 mol L -1 and the detection limit was at the 4.1 × 10 -11 mol L -1 level. The relative standard deviation at 5 × 10 -9 mol L -1 was 3.2% (n = 7). Rheum is a familiar disease which is accompanging with respiratory inflammation. The method had also been applied to quantify H2O2 in 22 subjects, of whom 11 had rheum and 11 did not.
Experimental

Reagents and chemical
Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) was kindly provided by Shanxi Normal University (Xi'an, China). The following reagents were used: Potassium periodate (KIO4) was purchased from Shanghai Chemical Reagent Company (Shanghai, China).
Potassium persulfate (Na2S2O8) was purchased from Shanghai Aijian Chemical Reagent Company (Shanghai, China). Cupric sulfate (CuSO4·5H2O) and potassium hydroxide (KOH) were purchased from Chongqing Chemical Reagent Company (Chongqing, China). Hydrogen peroxide (30%) was purchased from Chongqing Dongshi Chemical Reagent Company (Chongqing, China). All of the chemicals were of analytical reagent grade, and were used without further purification. Doubly distilled water was used throughout the work.
A 0.01 mol L -1 luminol stock solution was prepared by dissolving 1.772 g luminol in 1 L carbonate buffer (0.1 mol L -1 ), and left to stand for approximately 24 h before use. The luminol solution was stable for at least 1 month when stored in the dark. The 0.01 mol L -1 DPC stock solution was prepared by oxidizing Cu(II) in an alkaline medium according the known method. 25 In brief, KIO4 (0.23 g), CuSO4·5H2O (0.125 g), Na2S2O8 (0.14 g) and KOH (0.8 g) were added in 30 mL of water. The mixture was heated to boiling for about 20 min on a hot plate with constant stirring. The boiling mixture turned intensely red and the boiling was continued for another 20 min until the completion of the reaction. The mixture was then cooled and diluted to 50 mL with distilled water. The obtained stock solution was stored under refrigeration, and was found to be fairly stable for several months. DPC solutions were freshly prepared before use. The complex was characterized by the UV/visible spectrum, which exhibited a brood band at 415 nm.
Hydrogen peroxide was stored under refrigeration and solutions were freshly prepared before use. A stock solution of H2O2 (0.10 mol L -1 ) was prepared by diluting 1.12 mL of 30% (v/v) H2O2 to 100 mL with water. Working standards were prepared from the stock solution by appropriate dilutions. Standardization of the H2O2 was performed by a UV-absorbance method. Because H2O2 can usually be found in purified water, such as Milli-Q water, distilled water was exposed under light to eliminate H2O2 from the experimental water. This specially treated water was used to reduce the background of the CL signal throughout the experiments.
Apparatus
The CL-FIA system used in this work is shown in Fig. 1 . Two peristaltic pumps (HL-2, Shanghai Huxi, China) were used to deliver all chemicals at a flow rate of 2 mL min -1 . PTFE flow tubes (0.8 mm i.d.) were used to connect all components in the system. Injection was made using a sixteen-port injection valve (Hanzhou, China) equipped with a loop of 75 μL. The CL signal was monitored by a BPCL ultra-weak luminescence analyzer (Institute of Biophysics, Chinese Academy of Science, Beijing, China) consisting of a flat coil glass flow cell facing the window of the photomultiplier tube (PMT). Data acquisition and treatment were performed with BPCL software running under Windows 98. The UV-absorbance was detected with the UV-Vis2001 spectrophotometer (Hitachi Ltd., Japan).
Procedures FI-CL method. The flow-injection system is easy to operate. As shown in the Fig. 1 , the peristaltic pump propelled the DPC solution, analyte (a standard H2O2 solution or a sample containing H2O2) and basic luminol solution through the system at 2.0 mL min -1 , respectively. When the injection valve was set to the load position, the mixture stream of luminol and analyte ran through the whole system until a stable baseline was recorded. When the injection valve was switched to the inject position, the luminol stream was merged with the analyte at point M as a carrier stream, which bypasses the reagent loop (75 μL DPC solution), and ran directly through the flow cell, producing CL emission. Also the CL signal was recorded simultaneously. The reagent DPC injection mode was chosen in the FIA system for the lower baseline produced by luminol and H2O2 in the absence of DPC. The PMT operated at -800 V.
The relative CL intensity, ΔI (defined as the difference of CL intensity between in present and in absence of H2O2, respectively), was proportional to the corresponding concentration of H2O2. Sample preparation. Exhaled breath condensate was collected by a method similar to that used by Nowak et al.; 10 briefly, all subjects were asked to rinse their mouths with purified water for 30 s prior to collection. A nose clip was used to prevent nose breathing during sampling. When collecting the sample, the subjects breathed through a mouthpiece connected to a glass beaker, which ended in a glass serpentine, cooled by running cold water. The collected samples were stored at -20 --25˚C and analyzed within one week. For recovery and stability studies, known amounts of H2O2 were added, and the samples were analyzed immediately and after storing for 1 week at -20 --25˚C.
Results and Discussion
Kinetics curve of the CL reaction of luminol-H2O2-DPC
As is we all known, luminol is oxidized by H2O2 in a basic solution to form 3-aminophthalate in an excited state, which exhibits an intense luminescence (λmax = 425 nm) in the presence of a catalyst. In the batch mode, a typical response curve (intensity versus time) is used to describe the CL emission. The response curve depends on not only some experimental factors (such as the pH and the reagent concentration), but also on the metal ion present in the system. Thus, the experimental parameters are kept constant, and the intensity-time curve of DPC in luminol-H2O2 is recorded to study the kinetic characteristic of the CL reaction in Fig. 2 . Line 1 shows the CL intensity when H2O2 (1 × 10 -10 mol L -1 ) was present; line 2 shows the CL intensity when H2O2 (1 × 10 -7 mol L -1 ) was present. The CL reaction is obviously quick. The CL intensity peak appears within 3 s of the DPC was injected. Increasing the H2O2 concentration resulted in enhanced CL signals.
Optimization of the experiment procedure
The preliminary experiment showed that the CL reaction of luminol and H2O2 could be sensitized by the DPC. To test the effect of DPC, a range of DPC concentrations (1 × 10 -5 to 5 × 10 -4 mol L -1 ) was investigated. As the result in Fig. 3 demonstrats, the CL intensity was increased along with an increase of the DPC concentration in a low-concentration range (< 1 × 10 -4 mol L -1 ), and reached a maximum; above 1 × 10 -4 mol L -1 , the CL intensity slightly decreased with an increase of the DPC concentration. One possible explanation for our observation may be that DPC at higher concentrations resulted in self-absorption.
Consequently, the optimal DPC concentration was 1 × 10 -4 mol L -1 . It is well known that the luminol-H2O2-metal ion CL system could not emit CL in a neutral or weakly acidic solution, which is more favored under basic conditions. Additional DPC was obtained in a strong alkaline solution (KOH solution). A solution of KOH (0.1 mol L -1 ) was added to the luminol solutions to offer a different pH medium of the CL system. The effect of the pH (8 -12) medium is plotted in Fig. 4 , which shows that the relative CL intensity reached a maximum at pH 11. For obtaining the highest sensitivity and accuracy, a luminol solution (KOH) of pH 11 was selected for subsequent experiments.
Preliminary studies found that no CL could be detected in the absence of luminol. We compared catalysis effect of typical metal ions, like Co(II) and Cu(II) with that of DPC for H2O2 fixed at 5 × 10 -9 mol L -1 . The effect of the luminol concentration compared in the range of 1 × 10 -8 to 1 × 10 -6 mol L -1 is shown in ; flow rate, 2.0 ml min -1 . not observed until the higher concentration of luminol was chosen over 1 × 10 -5 mol L -1 . 26 However, due to DPC, the CL intensity increased along with an increase of the luminol concentration in the presented range. Interferences of other metal ions and minimal reagent consumption were considered; a concentration of 1 × 10 -7 mol L -1 was chosen as the optimal concentration of luminol.
Analytical characteristic of the FI-CL method (linearity)
Under the optimum experimental conditions, the calibration graph of change of the CL intensity, ΔI, versus the H2O2 concentration was measured. There were a biphasic linear relationship between the change in the CL intensity and the H2O2 concentration over the range of 1.0 × 10 -10 -1.0 × 10 -8 and 1.0 × 10 -8 -1.0 × 10 -6 mol L -1 . The regression equation and the correlation coefficients are listed in Table 1 . Respectively, the linear calibration range was 1.0 × 10 -10 -1.0 × 10 -8 mol L -1 with the regression equation ΔI = 14.8083c + 17.0365 (c being the H2O2 concentration at the nmol L -1 level). In the range of the H2O2 concentration, no species of the metal ions caused any interference with the H2O2 determination for a low concentration of luminol (10 -7 mol L -1 ) and H2O2 (10 -9 mol L -1 level). The linear calibration range was 1.0 × 10 -8 -1.0 × 10 -6 mol L -1 with the regression equation ΔI = 12022.65c + 393.2770 (c being the H2O2 concentration at the μmol L -1 level). In the range of the H2O2 concentration, the interference of other metal ions could not be ignored for the relative higher concentration of H2O2 (μmol L -1 level). The detection limit was 4.1 × 10 -11 mol L -1 (3σ). The relative standard deviation for 5.0 × 10 -9 mol L -1 H2O2 was 3.2% (n = 7).
Influence of coexisting foreign species
In order to apply the proposed method to the determination of H2O2 in a practical sample, the influence of some possibly coexisting foreign inorganic ions and organic compounds was examined. The CL reaction-based luminol and H2O2 were used for the determination of Co(II), Zn(II), Cd(II), Cu(II), Cr(III), Cr(VI) etc. It was necessary to evaluate the interference of these species in the luminol-based H2O2 method.
The interferences studied were conducted by analyzing a standard solution of 5 × 10 -9 mol L -1 H2O2, to which varying amounts of possible interference were added. The tolerated limit of each foreign species was taken as a relative error not greater than ±5%. The tolerable ratio for foreign species was 1000 for Co 2+ SeO3 2-, uric acid and citric acid. Additionally, the luminol-H2O2-HRP system has been reported for the determination of H2O2 due to its high sensitivity. The interference by HRP was also tested. HRP with a higher concentration of 1 × 10 -6 mol L -1 showed no interference in the H2O2 determination for the absence of a catalytic effect at a low concentration of luminol and H2O2. The results showed that the proposed method had good selectivity for trace amounts of H2O2 determination.
Analytical applications of the flow CL method
The proposed method was applied to the determination of H2O2 in physiological fluids. EBC sample: The procedures had been detailed as described above. The proposed method was applied to determine H2O2 in the exhaled breath of human as a condensate sample. After 0.03 g of EBC was collected immediately as a sample, a known amount of a H2O2 standard solution was added to the EBC sample, and then the mixture was diluted to 25 ml with doubly distilled water for analysis. The recovery results are given in Table 2 . The results showed that this CL method could be used for the determination of trace H2O2 in EBC.
In order to study the fluctuant concentration of H2O2 in EBC, we obtained a sample once every one hour from 9:30 a.m. to 16:30 p.m. EBC samples of females or males were all involved in our analysis. The H2O2 concentrations in EBC from these healthy subjects are shown in Fig. 6 . As can be seen from Fig. 6 , the highest concentration appeared at 14:30 p.m., for either a female or male sample. As can be seen from Fig. 6 , the H2O2 concentration in EBC of a male is obviously higher than that in the EBC of a female.
The H2O2 concentration of EBC from 11 rheum subjects and 11 no-rheum healthy subjects are shown in Fig. 7 . The average and range values were, respectively, < 0.2 μM (range < 1.8 μM) and < 17 nM (range 1.5 -26 nM). The difference between the two groups was statistically significant.
Conclusions
In our work, an effective catalyzer DPC has been used for its excellent catalytical effect on the luminol-H2O2 CL reaction at relatively lower concentrations. The use of DPC made it 204 ANALYTICAL SCIENCES FEBRUARY 2008, VOL. 24 possible that the oxidation of a low luminol concentration (10 -7 mol L -1 ) by H2O2 occurred at a low concentration level (< 10 -8 mol L -1 ). Under the same condition, other metal ions showed no catalytical effect on the CL reaction based luminol-H2O2, which enabled a method with high selectivity. It had been proved to be an ultra-sensitive, selective, simple and convenient method for the determination of a trace amount of H2O2 by combining a flow-injection technology. The detection limit of H2O2 is at the picomolar L -1 level. Exhaled breath condensate can give useful information about normal and/or pathological processes, especially about respiratory diseases. As a result, the proposed method was validated to detect a trace amount of H2O2 in an exhaled breath condensate sample. The result obtained by the determination of the H2O2 in EBC indicated that our proposed method had acceptable differentiation between the two subjects analyzed. Actually, subjects who have the rheum symptom have a high statistically significantly higher concentration level of H2O2 in exhaled breath condensate than that of no-rheum subjects. ANALYTICAL SCIENCES FEBRUARY 2008, VOL. 24 ) in the EBC of rheum and norheum healthy subjects. Average value is expressed by the horizontal line.
